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TECHNIQUES FOR REDUCING
DIFFERENTIAL CURE ARTIFACTS FOR

ADDITIVE FABRICATION AND RELATED
SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit under 335
U.S.C. § 119(e) of U.S. Provisional Patent Application No.

62/399,569, filed Sep. 26, 2016, titled ““Iechniques For
Reducing Differential Cure Artifacts For Additive Fabrica-
tion And Related Systems And Methods,” which 1s hereby

incorporated by reference in 1ts entirety.

FIELD OF INVENTION

The present application relates generally to techniques for
improving the surface finish and reducing differential cure
artifacts 1n an object produced by additive fabrication (e.g.,
3d printing).

BACKGROUND

Additive fabrication, e.g., 3-dimensional (3D) printing,
provides techniques for fabricating objects, typically by
causing portions of a building material to solidify at specific
locations. Additive fabrication techniques may include ste-
reolithography, selective or fused deposition modeling,
direct composite manufacturing, laminated object manufac-
turing, selective phase area deposition, multi-phase jet
solidification, ballistic particle manufacturing, particle depo-
sition, laser sintering or combinations thereof. Many addi-
tive fabrication techniques build objects by forming succes-
sive layers, which are typically cross-sections of the desired
object. Typically each layer 1s formed such that 1t adheres to
either a previously formed layer or a substrate upon which
the object 1s built.

In one approach to additive fabrication, known as stereo-
lithography, solid objects are created by successively form-
ing thin layers of a curable polymer resin, typically first onto
a substrate and then one on top of another. Exposure to
actinic radiation cures a thin layer of liquid resin, which
causes 1t to harden, change physical properties, and adhere
to previously cured layers or the bottom surface of the build
platform. In such techniques as stereolithography, the object
1s formed by moving an area of incident actinic radiation
across the layer of liquid resin to complete the cross section
of the object being formed. An area of incident actinic
radiation could be caused by any light source(s), such as by
a laser.

SUMMARY

According to some aspects, a method of configuring an
additive fabrication device to fabricate an object 1s provided,
the additive fabrication device configured to form solid
material by directing at least one source of actinic radiation
onto a liquid photopolymer, the method comprising ident-
tying, based on a three-dimensional model of the object, at
least a first region of the object expected to be visible upon
tabrication of the object by the additive fabrication device,
generating, based on the three-dimensional model of the
object for at least one cross-section of the object that
intersects the first region, a path over which the at least one
source of actinic radiation 1s to be directed to form the at
least one cross-section of the object, wherein the path
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includes a first portion over which the at least one source of
actinic radiation 1s to be activated, and a second portion over
which the at least one source of actinic radiation 1s to be
deactivated, wherein the second portion of the path 1is
generated based on the 1dentified first region of the object,
and generating, using at least one processor, instructions
that, when executed by the additive fabrication device, cause
the additive fabrication device to fabricate the object at least
in part by directing the least one source of actinic radiation
over the generated path and activating and deactivating the
at least one source of actinic radiation over the generated
path according to the first portion and second portion of the
path.

According to some aspects, a computer system 1s pro-
vided comprising at least one processor, at least one com-
puter readable medium comprising processor-executable
instructions that, when executed, cause the at least one
processor to perform a method of configuring an additive
fabrication device to fabricate an object, the additive fabri-
cation device configured to form solid matenial by directing
at least one source of actinic radiation onto a liquid photo-
polymer, the method comprising identifying, based on a
three-dimensional model of the object, at least a first region
of the object expected to be visible upon fabrication of the
object by the additive fabrication device, generating, based
on the three-dimensional model of the object for at least one
cross-section of the object that intersects the first region, a
path over which the at least one source of actinic radiation
1s to be directed to form the at least one cross-section of the
object, wherein the path includes a first portion over which
the at least one source of actinic radiation 1s to be activated,
and a second portion over which the at least one source of
actinic radiation 1s to be deactivated, wherein the second
portion of the path 1s generated based on the 1dentified first
region of the object, and generating, using the at least one

processor, mstructions that, when executed by the additive
fabrication device, cause the additive fabrication device to
tabricate the object at least 1n part by directing the least one
source of actinic radiation over the generated path and
activating and deactivating the at least one source of actinic
radiation over the generated path according to the first
portion and second portion of the path.

The foregoing summary 1s provided by way of illustration
and 1s not mtended to be limiting.

BRIEF DESCRIPTION OF DRAWINGS

The accompanying drawings are not intended to be drawn
to scale. For purposes of clarity not every component may
be labeled 1n every drawing. In the drawings:

FIGS. 1A-1B illustrate a schematic view of a stereolitho-
graphic printer that forms a plurality of layers of a part,
according to some embodiments;

FIGS. 2A-B depict an 1illustrative stereolithographic
printer, according to some embodiments;

FIGS. 3A-B contrast illustrative surface finishes of an
object formed using traditional applications of actinic radia-
tion and the same object formed using the application of
actinic radiation according to techmques described herein,
according to some embodiments;

FIGS. 4A-B depict sample paths of incident actinic radia-
tion over a cross-sectional area of an object, according to
some embodiments;

FIG. 5 depicts a sample path of incident actinic radiation
over a cross-sectional area of an object where the object
includes multiple voids, according to some embodiments;
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FIG. 6 depicts a sample path of incident actinic radiation
over a cross-sectional area of an object with a high delta
between scanlines, according to some embodiments;

FIG. 7 1s a block diagram of a system suitable for
practicing aspects of the invention, according to some
embodiments; and

FIG. 8 illustrates an example of a computing system
environment on which aspects of the mmvention may be
implemented.

DETAILED DESCRIPTION

Techniques are provided for improving the surface finish
and reducing diflerential cure artifacts 1n an object produced
by additive fabrication, thereby increasing object fidelity. As
discussed above, 1n additive fabrication, one or more layers
may be formed either on a previously formed layer or on a
substrate upon which an object 1s formed. According to
some embodiments, these layers are formed when an area of
liquid resin 1s exposed to an area of actinic radiation. The
area of the liquid resin selected for curing within each layer
corresponds to a cross-section of the object being fabricated.
In some use cases, the area exposed to actinic radiation 1s
smaller than the cross-section’s area, and therefore must be
moved to cover the full area of the cross-section. In some
cases, the cross-section of the object contains encapsulated
regions where material 1s not to be cured whilst being
surrounded by areas 1n which material 1s to be cured. These
regions are referred to herein as “voids,” or “interior voids™
and to form a cross-section including a void, the area of
incident actinic radiation must be moved over the cross-
section such that 1t cures the regions of the cross-section as
intended whilst not substantially exposing the liquid resin
within the area or areas of the void.

Conventional techniques for curing cross-sectional areas
containing voids continuously produce solid material whilst
avoiding the void areas. For instance, a stereolithographic
device might maintain continuous actinic radiation exposure
by moving the area of actinic radiation exposure such that it
avoids the void areas, thereby producing solid maternial at
locations other than the void areas. As another example, a
tused deposition modeling device may continuously deposit
material whilst avoiding the void areas. One 1ssue with such
an approach 1s that there 1s potential for material shrinkage
and motion-control hysteresis to produce time dependency
in the resulting object. Since areas of the cross section are
solidified (e.g., by curing a photopolymer, by cooling of a
deposited thermoplastic, etc.) at diflerent points in time,
artifacts may be produced at interfaces between material
solidified at a first time and adjacent material solidified at a
suiliciently later time. These artifacts may appear as edges or
other visible discontinuities, thereby resulting in a fabricated
part that exhibits a lower quality than desired.

The 1nventors have recognized and appreciated that an
additive fabrication device may be configured to fabricate
objects with fewer and/or less visible istances of the
above-described time-dependent artifacts by configuring the
device to move an area of incident actinic radiation over
voids whilst simultaneously deactivating the source of
actinic radiation. While moving the area of mcident actinic
radiation over void areas may result in a longer path tra-
versed by the area during fabrication, and thereby may result
in an increased fabrication time, such an approach ensures
that adjacent solid regions are formed close together 1n time,
thereby mitigating the types of visible artifacts described
above. As referred to herein, an area of actinic radiation 1s
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4

an area to which an actinic radiation source 1s directed,
irrespective of whether the source 1s activated or deacti-
vated.

According to some embodiments, an actinic radiation
source may include any suitable source of radiation such as,
but not limited to, a laser or an array of Light Emitting
Diodes (LEDs). In some embodiments, an array of LEDs
may be arranged in an actinic radiation bar having a width
equal to the width of a fabrication area. Points along the
width of a fabrication area may be selectively 1lluminated,
thereby forming solid material 1n those locations, and a layer
ol an object formed by successively moving this bar across
the fabrication area.

According to some embodiments, an additive fabrication
device may be configured to move an area of actinic
radiation whilst the actinic radiation source 1s deactivated so
as to reduce a difference 1n time between formation of
adjacent regions of solid material. In some use cases, an area
of actinic radiation may raster a cross section by traversing
scan lines, and 1n some cases, two scan lines may be adjacent
to one another yet have very different lengths. For devices
in which the area of actinic radiation takes time to move, this
may result i the amount of time taken for the actinic
radiation to produce solid material in one scan line to
substantially differ from the amount of time to produce solid
material 1n an adjacent scan line, and this difference may
cause visible artifacts in the resulting object. In some
embodiments, scan lines may be extended by appending
additional portions of the scan line during which the actinic
radiation 1s deactivated. Thus, no additional material 1s
fabricated yet the difference 1in duration for production of
adjacent scan lines may be reduced sufliciently to mitigate
the visible artifacts.

Following below are more detailed descriptions of various
concepts related to, and embodiments of, techniques for
improving the surface finish and reducing differential cure
artifacts 1 an object produced by additive fabrication. It
should be appreciated that various aspects described herein
may be implemented in any of numerous ways. Examples of
specific implementations are provided herein for 1llustrative
purposes only. In addition, the various aspects described in
the embodiments below may be used alone or 1n any
combination, and are not limited to the combinations explic-
itly described herein.

To 1llustrate one exemplary additive fabrication tech-
nique, an mnverse stereolithographic printer 1s depicted in
FIGS. 1A-B. Exemplary stereolithographic printer 100
forms a part n a downward facing direction on a build
platform such that layers of the part are formed 1n contact
with a surface of a container in addition to a previously
cured layer or the build platform. In the example of FIGS.
1A-B, stereolithographic printer 100 comprises build plat-
form 104, container 106, axis 108 and liquid resin 110. A
downward facing build platform 104 opposes the floor of
container 106, which 1s filled with a liquid photopolymer
110. FIG. 1A represents a configuration of stereolithographic
printer 100 prior to formation of any layers of a part on build
platiorm 104.

As shown 1n FIG. 1B, a part 112 may be formed layer-
wise, with the mitial layer attached to the buld platform 104.
The container’s tloor may be transparent to actinic radiation,
which can be targeted at portions of the thin layer of liquid
photocurable resin resting on the floor of the container.
Exposure to actinic radiation cures a thin layer of the liquid
resin, which causes 1t to harden. The layer 114 i1s at least
partially 1n contact with both a previously formed layer and
the surface of the container 106 when 1t 1s formed. The top
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side of the cured resin layer typically bonds to either the
bottom surface of the build platform 4 or with the previously
cured resin layer 1in addition to the transparent floor of the
container. In order to form additional layers of the part
subsequent to the formation of layer 114, any bonding that
occurs between the transparent tloor of the container and the
layer must be broken. For example, one or more portions of
the surface (or the entire surface) of layer 114 may adhere to
the container such that the adhesion must be removed prior
to formation of a subsequent layer.

According to some embodiments, an 1llustrative additive
fabrication system 1s depicted in FIGS. 2A-B. Illustrative
stereolithographic printer 200 comprises a support base 201,
a display and control panel 208, and a reservoir and dis-
pensing system for photopolymer resin 204. The support
base 201 may contain various mechanical, optical, electrical,
and electronic components that may be operable to fabricate
objects using the system. During operation, photopolymer
resin may be dispensed from the dispensing system 204 into
container 202. Build platform 205 may be positioned along
the vertical axis 203 such that the bottom facing layer of an
object being fabricated, or the bottom facing layer of build
platform 205 1tself, 1s a desired distance from the bottom 211
of container 202. The bottom 211 of the container 202 may
be advantageously transparent to actinic radiation generated
by a source located within the support base (not shown) such
that liquid photopolymer resin located between the bottom
211 of container 202 and the bottom facing portion of build
platiorm 205 or an object being fabricated thereon, may be
exposed to the radiation. Upon exposure to such actinic
radiation, the liquid photopolymer may undergo a chemaical
reaction, sometimes referred to as “curing,” that substan-
tially solidifies and attaches the exposed resin to the bottom
facing portion of build platform 205 or to an object being
tabricated thereon. (FIGS. 2A-B represent a configuration of
stereolithographic printer 201 prior to formation of any
layers of an object on build platform 205).

FIGS. 3A and 3B provides an illustrative visual overview
of possible outcomes of using the exposure techniques
described below and depicted in FIGS. 4A and 4B. The
technique described and depicted by 4A results 1n object 301
(“without swept filI”) while the technique described and
depicted by 4B results 1n object 313 (“swept fill”). As 1s
evident from FIG. 3A, the conventional approach produces
artifacts such as artifacts 302 which appear as lines on the
surface of the object 301. As discussed above, the conven-
tional approach of maintaining continuous material produc-
tion whilst avoiding voids may produce different regions of
solid material that are 1n contact with one another yet are
formed at different times. Diflerences in temperature, curing
time, maternial type, cooling time, etc., depending on the
particular additive fabrication technique being employed,
may cause such artifacts to appear at the interfaces between
such regions. In contrast, the object 313 produced via the

swept fi1ll technmique described below, includes no such
artifacts.

FIGS. 4A and 4B 1illustrate sample fill patterns corre-
sponding to movements of the incident area of actinic
radiation when producing a layer of an object. For the
purposes of 1llustrating the swept fill technique, fabrication
ol an object via stereolithography will be described. How-
ever, 1t will be appreciated that the technmique may be
employed in other types of additive fabrication, such as
tused deposition modeling, selective laser sintering, etc.

In the example of FIGS. 4A and 4B, the illustrated
cross-sections may correspond to an object that could be, for
example, a thick-walled tube orniented along the bwld axis
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6

with each layer having the shape of a hollow ring 401 or
annulus. In each approach, an area of incident actinic
radiation traces out the cross-section of the object in a series
of substantially parallel paths 403 spaced apart by some
distance. In some embodiments, that distance may be 100
um, although the distance could also be more or less.

In the conventional approach depicted in FIG. 4 A, to trace
out an annulus 401, some paths of the incident actinic
radiation run the full width through the “top” and “bottom™
of the annulus, while other paths are broken by the void 402
in the middle. In the illustrated example of FIG. 4A, the
incident actinic radiation starts at the top of the annulus and
traces out a path from side to side, down the left side of the
vold 402, and to the bottom of the annulus. The path then
moves up along path segment 404 to complete the annulus
by tracing out the path segment 405 to the right of the void
402.

In some types of additive fabrication, it may take time to
move the area of incident actinic radiation over the material
to be cured. While the approach depicted in FIG. 4A may be
a time-eflicient approach to filling an area, this approach
may also produce artifacts at interfaces between regions
where the liquid resin was hardened or cured at different
times. In the example of FIG. 4A, this visible difference
could be apparent 1n the line 404 and/or a difference 1n
properties between areas filled by path segment 403 and
those filled by path segment 405, thereby producing a visual
discontinuity between those areas. As discussed above, FIG.
3 A shows some differential cure artifacts 302 as part of an
object 301 utilizing the fill technique described and depicted
by FIG. 4A.

FIG. 4B depicts an illustrative approach to reducing
visible seams or other artifacts (e.g., artifacts 302) created by
the {1ll technique described above in relation to FIG. 4A. In
this “swept fill” approach, the area of incident actinic
radiation 1s moved across all regions of the cross-section
401. The actinic radiation 1s activated over areas to be cured
yet deactivated over areas not to be cured, including voids.
Thus, rather than selecting a path that optimizes coverage of
the cross section under an assumption that the radiation
source 1s activated during this operation, the swept fill
approach selects an eflicient path over the whole cross
section based on 1ts outer edge, and avoids curing voids by
turning ofl the radiation source when the radiation source 1s
pointing at the void region(s).

In the example of FIG. 4B, this approach produces a
serpentine pattern 1n which the annulus 401 1s filled 1n whalst
the actinic radiation 1s deactivated over void areas 402. The
path of the source of actinic radiation would be continuous,
with portions of the path where the source of radiation 1s
directed on the path whilst turned off represented by dotted
lines 406, and portions of the path where the source of
radiation 1s directed on the path whilst turned on represented
by the solid lines 403. In at least some cases, this approach
may not be time-optimal, but it may also limit visible
artifacts or discontinuities (e.g., artifacts 302) that would
otherwise be produced due to time-dependent, differential
cure properties of the liquid resin. This technique could be
called a “swept fill” techmque. The resulting smooth surface
finish of this techmque can be observed in FIG. 3 on the
swept 11ll object 313.

The swept fill technique depicted in FIG. 4B may, 1n at
least some use cases, cause the overall fabrication process to
take longer. According to some embodiments, the swept {ill
technique of FIG. 4B may be applied only to those layers
and/or only to portions of layers that are expected to be
visible 1n the fabricated object. For ease of description,
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layers expected to be visible 1n a fabricated object are
referred to below simply as “visible layers.”

According to some embodiments, a visible layer may be
defined as the surface facing layers or portions of layers. In
another embodiment the visible layer could be defined as all
layers within N layers of a surface facing layer or portion of
layer. In some embodiments the number of layers or number
of portions of layers N could be determined based on a
variety of factors, such as the type of material used, whether
the visible layer or portion 1s top or bottom facing, user
input, or any suitable combination of these and/or other
factors. A software application configured to analyze a
three-dimensional object and produce instructions for an
additive fabrication device may analyze the shape and
surfaces of the object and determine which paths to produce
in each layer so as to avoid artifacts 1n visible layers (or the
N layers closest to the surface).

According to some embodiments, the swept fill technique
may be employed 1n only a portion of a layer being fabri-
cated. In each such portion (which may be a portion of a
visible layer or a visible portion of a layer that i1s not
expected to be fully visible) an additive fabrication device
may move an area of incident actinic radiation using the
swept 11ll technique, while a remainder of the layer may use
a more time-optimal path to move the area of incident actinic
radiation.

In some embodiments, visible layers and/or portions of
layers may be further refined to avoid time-dependent cure
artifacts. By way of example, visible layers or portions of
layers may be rastered at a finer spacing of the path of
incident actinic radiation. For example, for the wvisible
regions the area of incident actinic radiation could be moved
in substantially parallel lines less than 100 um apart, while
the remainder of the object could be formed by movement
of the area of incident actimic radiation in substantially
parallel lines 100 um or further apart. Finer spacing during,
rastering may improve the layer finish for a smoother overall
cross section. This smoother finish may enhance the overall
surface finish for improved model aesthetic. The increased
exposure may strengthen the cured or hardened layer and
may also make the material less likely to warp.

The term raster as used herein encompasses directing an
area of actinic radiation over a path made up of substantially
parallel scanlines that may be linear or large enough to
encompass the full cross-section of the area to be fabricated.

According to some embodiments, 1t may be advantageous
to distinguish between top-facing and bottom-facing sur-
taces to further optimize the movement of the area of actinic
radiation and time of fabrication. In such cases while 1t may
be advantageous to have a better surface finish on top-facing,
visible layers, 1t may be desirable to use faster rastering
techniques that may leave time-dependent cure artifacts on
bottom facing surfaces. Alternatively where surface finish 1s
not a concern, but rather adherence to the build plate, it may
be advantageous to implement finer spaced rastering to
increase the exposure to actinic radiation and thereby the
maternal adherence to the buld platiorm.

In some embodiments, 1t may be advantageous to further
optimize the movement of the area of incident actinic
radiation by combining the movement for regions desig-
nated for the swept fill technique but adjacent to portions of
the cross section that are not designated as visible or within
N layers of visible layers. In this embodiment, the goal
would be to maintain the movement of the area of incident
actinic radiation for as much of the layer including the
portion of visible layer as possible 1n an effort to reduce total
time and movement of the area of incident actinic radiation.
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In some embodiments, the lengths of path segments
traversed by an area of incident actinic radiation within a
layer may vary substantially within the same layer. In FIG.
4B, for example, the straight path segments traversed at the
top and bottom of the circular cross-sectional area are
significantly shorter than the straight path segments are
within the muddle of the layer (notwithstanding that the
source ol actinic radiation 1s turned off for parts of these path
segments). Because artifacts are caused by time-dependent
cure properties such as hysteresis or shrinkage, 1t may be
advantageous to mtroduce a delay 1n movement of actinic
radiation (or scanline) such that each substantially parallel
scanline 1s achieved 1n a substantially consistent time period.
As such, according to some embodiments, for each scanline,
an 1itial maximum path segment time may be determined
by, subsequent to 1dentifying a path for a source of actinic
radiation, identifying a path segment spanmng the cross-
sectional area that 1s the longest of the path. For adjacent
path segments that each span the cross-sectional area being
tabricated, an additive fabrication device may be configured
to traverse these path segments 1n the same amount of time.
Adjusting the amount of time taken to traverse a path
segment may include reducing the speed of the area of
incident radiation and/or introducing pauses into the path
during which the area of incident radiation does not move.

According to some embodiments, formation of a layer of
material comprises a movement of the area of incident
actinic radiation over perimeters of the cross-sectional area,
which may include outer edges as well as perimeters of any
volds 1n the cross-sectional area. While producing perim-
cters i this manner may produce smoother vertical object
surfaces, such an approach may also create a differential
time-curing artifact as observed above which, along with
exposure and other factors, may produce a “lip” artifact at
the edges of the perimeter and of the voided areas. In some
embodiments, where a fabricated perimeter may be visible,
fabrication of the perimeter may be omitted so that fabrica-
tion of a visible layer includes only movements of incident
actinic radiation within the interior of the cross-sectional
area. As a result, the visible layers or regions may have no
or limited perimeter lip with the internal movements of the
area ol incident actinic radiation traversing the full cross-
sectional area of the object. According to some embodi-
ments, a perimeter may be eliminated for the entirety of
areas determined to be 1n a visible region where the region
1s the visible layer or portion of a layer and any layer or
portion within N layers. In some embodiments, fabrication
of a perimeter may be omitted for some subsection of the N
layers. For example, fabrication of a perimeter may be
omitted only for a visible layer. Alternatively, fabrication of
a perimeter may be omitted for any number of layers n
within the visible region where n 1s less than N.

Another example of the conventional fill technique
applied in FIG. 4A 1n a case with multiple void areas 502 1s
depicted 1n FIG. 5. In this case, the area of incident actinic
radiation 1s moved 1n substantially parallel paths 503 run-
ning the full length of the object, but only covering the lead
side 507 of the two voids. The area of incident actinic
radiation 1s then moved to target the following side of the
first void 5035, before continuing on to cover the following
side of a subsequent void 506. This process might continue

for all subsequent voids. The initial pass of the area of

incident actinic radiation could fill in the lead side 507 of the
cross-section with the following side 508 being filled 1n with
one or more subsequent passes. Fach of these subsequent
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passes might leave cure artifacts (e.g. akin to cure artifacts
302) based on the time dependent cure qualities of the
material.

FIG. 6 1s illustrative of a cross-sectional area for which
deactivated movement or delay 1n movement, as described
above, may be performed to control time-dependent cure
artifacts. In the example of FIG. 6, the path 1llustrated by
adjacent horizontal sections 1s traversed from the bottom of
the figure to the top of the figure. For illustrative path
segments 603, the area of actinic radiation may be on or
active so that solid material 1s formed along these path
segments. The duration of movement of the area of actinic
radiation may be the same for each of these path segments
or “scanlines,” which are the same length.

As the geometry of the shape changes 1n the 1llustrative
cross-section of FIG. 6, however, the length of the path
segments 607aq and 6075 differ from that of path segments
603. As a result, the area of actinic radiation would ordi-
narily move across the illustrated cross-section more quickly
for path segments 607a and 6075 than for path segments
603. As discussed above, differences 1n durations over which
the area of actinic radiation traverses adjacent path segments
spanmng the cross-section may result 1n visible artifacts 1n
the fabricated material. In the example of FIG. 6, such
artifacts may be mitigated by continuing the motion of the
area ol actinic radiation such that the path segments 607a
and 6075 are extended by path segments 606. The source of
actinic radiation may be shut off when the area traverses path
segments 606 so as not to form material 1n those locations.
Note that, in the example of FIG. 6, the segments 606 are
progressively shorter as the path proceeds to minimize the
length of the path whilst also reducing differences in the
lengths of adjacent path segments.

As can be seen 1n the example of FIG. 6, the length of the
path segments 606 1s systematically reduced between scan-
line 607a and 6075 whilst the length of path segments during
which the source of actinic radiation 1s activated does not
change between 607a and 607bH. If the difference 1n the
length of adjacent path segments 606 1s constant, the length
of the path segments 606 during which the source of actinic
radiation 1s deactivated would be reduced 1n a linear fashion
such that, by a suilicient distance from the mitially traversed
path segment 606, an activated path segment would no
longer require a corresponding deactivated path segment. In
the example of FIG. 6, such a path segment 1s shown as 6075
where the area of actinic radiation does not continue to move
in a deactivated scanline 606. Determining the maximum
change in scanline duration may depend on the material
properties and propensity of such for time-dependent cure
artifacts. It may also depend on a variety of user selected
inputs such as optimal surface finish or optimal time require-
ments. Adjusting the amount of time taken to traverse a path
segment may further include reducing the speed of the area
ol incident radiation and/or introducing pauses into the path
during which the area of incident radiation does not move.

FIG. 7 1s a block diagram of a system suitable for
practicing aspects of the invention, according to some
embodiments. As described above, an additive fabrication
device may be configured to fabricate solid material along a
path that applies the swept fill technique, thereby improving
print quality. System 700 illustrates a system suitable for
configuring an additive fabrication device to fabricate solid
material 1 this manner. According to some embodiments,
computer system 710 may execute soltware that determines
a plurality of two-dimensional layers of a three-dimensional
model of an object (sometimes referred to as “slicing™). As
a result, data 1s produced describing two-dimensional layers
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that may each comprise cross-sections of the object. Paths
for traversing these cross-sections utilizing the swept fill
techniques described above may be generated. Instructions
may then be generated from these paths to be provided to an
additive fabrication device, such as additive fabrication
device 720, that, when executed by the device, fabricates the
layers according to the generated paths and thereby fabri-
cates the object. Such instructions may be commumnicated via
link 715, which may comprise any suitable wired and/or
wireless communications connection. In some embodi-
ments, a single housing holds the computing device 710 and
additive fabrication device 720 such that the link 713 1s an
internal link connecting two modules within the housing of
system 700.

FIG. 8 illustrates an example of a suitable computing
system environment 800 on which the technology described
herein may be implemented. For example, computing envi-
ronment 800 may form some or all of the computer system
710 shown in FIG. 7. The computing system environment
800 1s only one example of a suitable computing environ-
ment and 1s not intended to suggest any limitation as to the
scope of use or functionality of the technology described
herein. Neither should the computing environment 800 be
interpreted as having any dependency or requirement relat-
ing to any one or combination of components illustrated 1n
the exemplary operating environment 800.

The technology described herein 1s operational with
numerous other general purpose or special purpose comput-
ing system environments or configurations. Examples of
well-known computing systems, environments, and/or con-
figurations that may be suitable for use with the technology
described herein include, but are not limited to, personal
computers, server computers, hand-held or laptop devices,
multiprocessor systems, microprocessor-based systems, set
top boxes, programmable consumer electronics, network
PCs, minicomputers, mainirame computers, distributed
computing environments that include any of the above
systems or devices, and the like.

The computing environment may execute computer-ex-
ecutable istructions, such as program modules. Generally,
program modules include routines, programs, objects, com-
ponents, data structures, etc. that perform particular tasks or
implement particular abstract data types. The technology
described herein may also be practiced in distributed com-
puting environments where tasks are performed by remote
processing devices that are linked through a communica-
tions network. In a distributed computing environment,
program modules may be located 1n both local and remote
computer storage media including memory storage devices.

With reference to FIG. 8, an exemplary system for imple-
menting the technology described herein includes a general
purpose computing device in the form of a computer 810.
Components of computer 810 may include, but are not
limited to, a processing unit 820, a system memory 830, and
a system bus 821 that couples various system components
including the system memory to the processing unit 820.
The system bus 821 may be any of several types of bus
structures ncluding a memory bus or memory controller, a
peripheral bus, and a local bus using any of a variety of bus
architectures. By way of example, and not limitation, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (IMCA) bus, Enhanced ISA
(EISA) bus, Video Flectronics Standards Association
(VESA) local bus, and Peripheral Component Interconnect
(PCI) bus also known as Mezzanine bus.

Computer 810 typically includes a variety of computer
readable media. Computer readable media can be any avail-
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able media that can be accessed by computer 810 and
includes both volatile and nonvolatile media, removable and
non-removable media. By way of example, and not limita-
tion, computer readable media may comprise computer
storage media and commumnication media. Computer storage
media includes wvolatile and nonvolatile, removable and
non-removable media implemented 1n any method or tech-
nology for storage of information such as computer readable
instructions, data structures, program modules or other data.
Computer storage media includes, but 1s not limited to,
RAM, ROM, EEPROM, flash memory or other memory
technology, CD-ROM, digital versatile disks (DVD) or other
optical disk storage, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage devices, or
any other medium which can be used to store the desired
information and which can accessed by computer 810.
Communication media typically embodies computer read-
able structions, data structures, program modules or other
data 1n a modulated data signal such as a carrier wave or
other transport mechanism and includes any information
delivery media. The term “modulated data signal” means a
signal that has one or more of its characteristics set or
changed in such a manner as to encode information 1n the
signal. By way of example, and not limitation, communi-
cation media includes wired media such as a wired network
or direct-wired connection, and wireless media such as
acoustic, RF, infrared and other wireless media. Combina-
tions of the any of the above should also be imncluded within
the scope of computer readable media.

The system memory 830 includes computer storage media
in the form of volatile and/or nonvolatile memory such as
read only memory (ROM) 831 and random access memory
(RAM) 832. A basic input/output system 833 (BIOS), con-
taining the basic routines that help to transfer information
between elements within computer 810, such as during
start-up, 1s typically stored in ROM 831. RAM 832 typically
contains data and/or program modules that are immediately
accessible to and/or presently being operated on by process-
ing unit 820. By way of example, and not limitation, FIG. 8
illustrates operating system 834, application programs 835,
other program modules 836, and program data 837.

The computer 810 may also include other removable/non-
removable, volatile/nonvolatile computer storage media. By
way of example only, FIG. 8 1llustrates a hard disk drive 841
that reads from or writes to non-removable, nonvolatile
magnetic media, a flash drive 851 that reads from or writes
to a removable, nonvolatile memory 852 such as flash
memory, and an optical disk drive 855 that reads from or
writes to a removable, nonvolatile optical disk 856 such as
a CD ROM or other optical media. Other removable/non-
removable, volatile/nonvolatile computer storage media that
can be used i1n the exemplary operating environment
include, but are not limited to, magnetic tape cassettes, tlash
memory cards, digital versatile disks, digital video tape,
solid state RAM, solid state ROM, and the like. The hard
disk drive 841 1s typically connected to the system bus 821
through a non-removable memory interface such as intertace
840, and magnetic disk drive 851 and optical disk drive 855
are typically connected to the system bus 821 by a remov-
able memory interface, such as interface 850.

The drives and their associated computer storage media
discussed above and 1llustrated 1n FIG. 8, provide storage of
computer readable instructions, data structures, program
modules and other data for the computer 810. In FIG. 8, for
example, hard disk drive 841 1s illustrated as storing oper-
ating system 844, application programs 845, other program
modules 846, and program data 847. Note that these com-
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ponents can either be the same as or different from operating
system 834, application programs 835, other program mod-
ules 836, and program data 837. Operating system 844,
application programs 845, other program modules 846, and
program data 847 are given different numbers here to
illustrate that, at a minimum, they are different copies. A user
may enter commands and information into the computer 810
through mput devices such as a keyboard 862 and pointing
device 861, commonly referred to as a mouse, trackball or
touch pad. Other input devices (not shown) may include a
microphone, joystick, game pad, satellite dish, scanner, or
the like. These and other mput devices are often connected
to the processing unit 820 through a user input interface 860
that 1s coupled to the system bus, but may be connected by
other interface and bus structures, such as a parallel port,
game port or a universal serial bus (USB). A monitor 891 or
other type of display device 1s also connected to the system
bus 821 via an interface, such as a video interface 890. In
addition to the monitor, computers may also include other
peripheral output devices such as speakers 897 and printer
896, which may be connected through an output peripheral
interface 895.

The computer 810 may operate 1n a networked environ-
ment using logical connections to one or more remote
computers, such as a remote computer 880. The remote
computer 880 may be a personal computer, a server, a router,
a network PC, a peer device or other common network node,
and typically includes many or all of the elements described
above relative to the computer 810, although only a memory
storage device 881 has been 1llustrated in FIG. 8. The logical
connections depicted 1n FIG. 8 include a local area network
(LAN) 871 and a wide area network (WAN) 873, but may
also include other networks. Such networking environments
are commonplace 1n oflices, enterprise-wide computer net-
works, intranets and the Internet.

When used in a LAN networking environment, the com-
puter 810 1s connected to the LAN 871 through a network
interface or adapter 870. When used 1n a WAN networking
environment, the computer 810 typically includes a modem
872 or other means for establishing communications over
the WAN 873, such as the Internet. The modem 872, which
may be internal or external, may be connected to the system
bus 821 via the user input interface 860, or other appropriate
mechanism. In a networked environment, program modules
depicted relative to the computer 810, or portions thereof,
may be stored in the remote memory storage device. By way
of example, and not limitation, FIG. 8 illustrates remote
application programs 885 as residing on memory device
881. It will be appreciated that the network connections
shown are exemplary and other means of establishing a
communications link between the computers may be used.

Having thus described several aspects of at least one
embodiment of this ivention, 1t 1s to be appreciated that
various alterations, modifications, and improvements will
readily occur to those skilled 1n the art.

Such alterations, modifications, and improvements are
intended to be part of this disclosure, and are intended to be
within the spirit and scope of the invention. Further, though
advantages of the present invention are indicated, 1t should
be appreciated that not every embodiment of the technology
described herein will include every described advantage.
Some embodiments may not implement any features
described as advantageous herein and 1n some nstances one
or more ol the described features may be implemented to
achieve further embodiments. Accordingly, the foregoing
description and drawings are by way of example only.
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The above-described embodiments of the technology
described herein can be implemented in any of numerous
ways. For example, the embodiments may be implemented
using hardware, software or a combination therecof. When
implemented in software, the software code can be executed
on any suitable processor or collection of processors,
whether provided in a single computer or distributed among,
multiple computers. Such processors may be implemented
as integrated circuits, with one or more processors 1 an
integrated circuit component, including commercially avail-
able integrated circuit components known in the art by
names such as CPU chips, GPU chips, microprocessor,
microcontroller, or co-processor. Alternatively, a processor
may be implemented in custom circuitry, such as an ASIC,
or semicustom circuitry resulting from configuring a pro-
grammable logic device. As yet a further alternative, a
processor may be a portion of a larger circuit or semicon-
ductor device, whether commercially available, semi-cus-
tom or custom. As a specific example, some commercially
available microprocessors have multiple cores such that one
or a subset of those cores may constitute a processor.
However, a processor may be implemented using circuitry 1n
any suitable format.

Further, it should be appreciated that a computer may be
embodied 1 any of a number of forms, such as a rack-
mounted computer, a desktop computer, a laptop computer,
or a tablet computer. Additionally, a computer may be
embedded 1n a device not generally regarded as a computer
but with suitable processing capabilities, including a Per-
sonal Digital Assistant (PDA), a smart phone or any other
suitable portable or fixed electronic device.

Also, a computer may have one or more mput and output
devices. These devices can be used, among other things, to
present a user interface. Examples of output devices that can
be used to provide a user interface include printers or display
screens for visual presentation of output and speakers or
other sound generating devices for audible presentation of
output. Examples of input devices that can be used for a user
interface include keyboards, and pointing devices, such as
mice, touch pads, and digitizing tablets. As another example,
a computer may receive input information through speech
recognition or in other audible format.

Such computers may be interconnected by one or more
networks 1n any sutable form, including as a local area
network or a wide area network, such as an enterprise
network or the Internet. Such networks may be based on any
suitable technology and may operate according to any
suitable protocol and may include wireless networks, wired
networks or fiber optic networks.

Also, the various methods or processes outlined herein
may be coded as software that 1s executable on one or more
processors that employ any one of a variety of operating
systems or platforms. Additionally, such software may be
written using any ol a number of suitable programming
languages and/or programming or scripting tools, and also
may be compiled as executable machine language code or
intermediate code that 1s executed on a framework or virtual
machine.

In this respect, the mvention may be embodied as a
computer readable storage medium (or multiple computer
readable media) (e.g., a computer memory, one or more
floppy discs, compact discs (CD), optical discs, digital video
disks (DVD), magnetic tapes, tlash memories, circuit con-
figurations 1 Field Programmable Gate Arrays or other
semiconductor devices, or other tangible computer storage
medium) encoded with one or more programs that, when
executed on one or more computers or other processors,
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perform methods that implement the various embodiments
of the mvention discussed above. As 1s apparent from the
foregoing examples, a computer readable storage medium
may retain information for a suflicient time to provide
computer-executable instructions in a non-transitory form.
Such a computer readable storage medium or media can be
transportable, such that the program or programs stored
thereon can be loaded onto one or more different computers
or other processors to implement various aspects of the
present mvention as discussed above. As used herein, the
term “‘computer-readable storage medium” encompasses
only a non-transitory computer-readable medium that can be
considered to be a manufacture (1.e., article of manufacture)
or a machine. Alternatively or additionally, the invention
may be embodied as a computer readable medium other than
a computer-readable storage medium, such as a propagating
signal.

The terms “program™ or “software,” when used herein,
are used 1n a generic sense to refer to any type ol computer
code or set ol computer-executable 1nstructions that can be
employed to program a computer or other processor to
implement various aspects of the present mvention as dis-
cussed above. Additionally, it should be appreciated that
according to one aspect of this embodiment, one or more
computer programs that when executed perform methods of
the present invention need not reside on a single computer
or processor, but may be distributed in a modular fashion
amongst a number of different computers or processors to
implement various aspects of the present invention.

Computer-executable mstructions may be 1n many forms,
such as program modules, executed by one or more com-
puters or other devices. Generally, program modules include
routines, programs, objects, components, data structures,
etc. that perform particular tasks or implement particular
abstract data types. Typically the functionality of the pro-
gram modules may be combined or distributed as desired 1n
various embodiments.

Also, data structures may be stored in computer-readable
media 1 any suitable form. For simplicity of illustration,
data structures may be shown to have fields that are related
through location in the data structure. Such relationships
may likewise be achieved by assigning storage for the fields
with locations 1n a computer-readable medium that conveys
relationship between the fields. However, any suitable
mechanism may be used to establish a relationship between
information in fields of a data structure, including through
the use of pointers, tags or other mechanisms that establish
relationship between data elements.

Various aspects of the present imvention may be used
alone, 1n combination, or 1n a variety of arrangements not
specifically discussed 1n the embodiments described in the
foregoing and 1s therefore not limited 1n 1ts application to the
details and arrangement of components set forth in the
foregoing description or illustrated in the drawings. For
example, aspects described 1n one embodiment may be
combined in any manner with aspects described in other
embodiments.

Also, the mvention may be embodied as a method, of
which an example has been provided. The acts performed as
part ol the method may be ordered in any suitable way.
Accordingly, embodiments may be constructed in which
acts are performed 1n an order different than illustrated,
which may include performing some acts simultaneously,
even though shown as sequential acts 1n 1llustrative embodi-
ments.

Further, some actions are described as taken by a “user.”
It should be appreciated that a “user” need not be a single
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individual, and that 1n some embodiments, actions attribut-
able to a “user’” may be performed by a team of individuals
and/or an 1ndividual 1n combination with computer-assisted
tools or other mechanisms.

Use of ordinal terms such as “first,” “second,” “third,”
etc., 1n the claims to modily a claim element does not by
itsell connote any priority, precedence, or order of one claim
clement over another or the temporal order 1n which acts of
a method are performed, but are used merely as labels to
distinguish one claim element having a certain name from
another element having a same name (but for use of the
ordinal term) to distinguish the claim elements.

Also, the phraseology and terminology used herein 1s for
the purpose of description and should not be regarded as
limiting. The use of “including,” “comprising,” or “having,”
“containing,” “mvolving,” and variations thereof herein, 1s
meant to encompass the items listed thereafter and equiva-
lents thereof as well as additional items.

What 1s claimed 1s:

1. A method of configuring an additive fabrication device
to fabricate an object, the additive fabrication device con-
figured to form solid material by directing at least one source
of actinic radiation onto a liquid photopolymer, the method
comprising;

evaluating a first cross-section of a three-dimensional

model of the object to determine whether or not a first
layer of the object to be formed based on the first
cross-section will be visible as a surface layer upon
fabrication;

cvaluating a second cross-section of the three-dimen-

stonal model of the object to determine whether or not
a second layer of the object to be formed based on the
second cross-section will be visible as a surface layer
upon fabrication;

generating, 1 response to determiming that the first layer

of the object will be visible as a surface layer upon
fabrication, a first path over which the at least one
source of actinic radiation 1s to be directed to form the
first layer of the object, wherein the first path includes
a first portion over which the at least one source of
actinic radiation 1s to be activated within the first
cross-section to form the first layer, and a second
portion over which the at least one source of actinic
radiation 1s to be deactivated that lies outside of the first
cross-section;

generating, 1 response to determining that the second

layer of the object will not be visible as a surface layer
upon fabrication, a second path over which the at least
one source of actinic radiation 1s to be directed to form
the second layer of the object, wherein the second path
includes a first portion, which 1s connected to a second
portion of the second path, the second portion of the
second path being connected to a third portion of the
second path, wherein the third portion of the second
path 1s located at least partially between the first portion
ol the second path and the second portion of the second
path; and

generating, using at least one processor, instructions that,

when executed by the additive fabrication device, cause

10

15

20

25

30

35

40

45

50

55

16

the additive fabrication device to fabricate the object at
least 1n part by directing the at least one source of
actinic radiation over the first path, including activating
and deactivating the at least one source of actinic
radiation over the first path, and at least in part by
directing the at least one source of actinic radiation
over the second path, including continuously activating
the at least one source of actinic radiation over the
second path.

2. The method of claim 1, wherein the second portion of
the first path 1s generated based on a measure of time-
dependent cure artifacts expected to be produced 1f the first
path did not include the second portion of the first path.

3. The method of claim 1, wherein the second portion of
the first path traverses an interior void within the first
cross-section of the three-dimensional model of the object.

4. The method of claim 1, wherein the first path further
includes a thurd portion of the first path over which the at
least one source of actinic radiation 1s to be deactivated,
wherein the third portion of the first path 1s arranged parallel
to and adjacent to the second portion of the first path, and
wherein a length of the third portion of the first path 1s
determined based at least 1n part on a length of the second
portion of the first path.

5. The method of claim 1, wherein the first path further
includes at least one point at which the at least one source
ol actinic radiation 1s to be stationary for a period of time
while the at least one source of actinic radiation 1s deacti-
vated.

6. The method of claim 1, wherein the third portion of the
second path overlaps the first portion of the second path
and/or the second portion of the second path.

7. The method of claim 1, wherein the third portion of the

second path 1s adjacent to an internal void of the second
cross-section of the three-dimensional model of the object.

8. The method of claim 1, wherein the third portion of the
second path 1s adjacent to an external edge of the second
cross-section of the three-dimensional model of the object.

9. The method of claim 1, wherein evaluating the first
cross-section of the three-dimensional model to determine
whether or not the first layer of the object will be visible as
a surface layer upon fabrication comprises determining
whether or not the first layer 1s wholly within a threshold
number of layers next to the object’s surface.

10. The method of claim 1, wherein evaluating the first
cross-section of the three-dimensional model of the object to
determine whether or not the first layer of the object will be
visible as a surface layer upon fabrication comprises deter-
mining whether or not the first layer 1s wholly at the object’s
surface.

11. The method of claim 1, wherein evaluating the second
cross-section of the three-dimensional model of the object to
determine whether or not the second layer of the object will
be visible as a surface layer upon fabrication comprises
determining whether or not the second layer 1s wholly at the
object’s surface.
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